Deposition of iron has been recognized recently as an important factor of pathophysiologic change including neurodegenerative processes in multiple sclerosis (MS). We propose that there is an excess accumulation of iron in the deep gray matter in patients with MS that can be measured with a newly developed quantitative MR technique-magnetic field correlation (MFC) imaging.
A lthough most lesions associated with demyelinating changes in multiple sclerosis (MS) are seen in white matter, recent postmortem and in vivo studies have shown increased evidence that gray matter is also significantly involved. 1, 2 Neurodegenerative changes have been identified in both histopathologic and advanced imaging studies in patients with MS, in which substantial neuronal loss is indicated by decreased neuronal attenuation, 3 N-acetylaspartate (NAA), 4, 5 and volume in both cortical gray matter and deep gray matter nuclei, 6, 7 which suggests a significant neuronal pathologic process in patients with MS. Deep gray matter structures such as the thalamus, putamen, globus pallidus, and caudate play significant roles in processing motor, sensory, cognitive, and emotional information. Therefore, injury of these structures, including neuropsychologic impairment, may significantly contribute to the disease. However, little is known about the causes and pathophysiology of neurodegenerative changes in the deep gray matter of MS.
Previous studies have shown increased iron in the nuclei of the basal ganglia, which is thought to be a cause of the neurodegenerative pathologic process in many age-related degenerative disorders such as Parkinson and Alzheimer disease. 8 Our current understanding of accumulation of iron in these neurodegenerative diseases is incomplete. However, the toxic effects of excess iron in the brain on lipids, carbohydrates, proteins, and nucleic acids have been well established. 9 In general, gross pathologic examinations and neuroimaging have indicated neuronal loss that is responsible for the regional atrophy in these diseases. In MS, recent research has explored the role of iron in the pathogenesis and neuronal damage by ironinduced oxidative damage. 10 The iron-catalyzed reaction that leads to damage by free radicals has been reported in studies of the pathogenesis of experimental allergic encephalomyelitis (EAE), [11] [12] [13] [14] an animal model of MS, in which an abnormal histopathologic iron staining was often observed in tissues from EAE models.
In studies on humans, conventional T2-weighted imaging also revealed abnormal hypointense signals in lesions, the basal ganglia, thalamus, and cerebral cortex, which indicates pathologic deposition of iron possibly leading to tissue damage in MS. 15, 16 Neurodegeneration of the deep gray matter may correspond to the cognitive impairment commonly observed in patients with MS. 17 These findings are important in suggesting that an abnormal deposition of iron plays a significant role in the pathophysiologic process of tissue injury in MS. Previous data analysis for iron assessment on the basis of qualitative rating judged with relative evaluation of signal intensity of structures on T2-weighted imaging may not be appropriate because of the inherent variations of signal intensity in acquisition-to-acquisition MR images. 18 Bakshi et al 15, 19 have quantified the effects of iron deposition on the basis of decreased T2 signal intensities in MS. However, T2-weighted images, especially fast spin-echo sequences, have lower sensitivity and specificity for the evaluation of iron. We conducted this study to apply a newly developed quantitative MR technique with a unique iron contrast mechanism on the basis of magnetic field correlation (MFC), [20] [21] [22] [23] to assess iron deposition in the brain in patients with MS. MFC has a direct relationship to the microscopic field inhomogeneity (MFI) or field shifts, such as those generated by iron-rich cells with length scales ranging roughly from 1 to 100 m. Unlike R2 and R2* techniques that can be influenced by other relaxation mechanisms (eg, dipolar), MFC depends only on MFI and water diffusion. In this study, we investigated whether MFC can quantify abnormal iron deposition that is not apparent on conventional MR imaging in the deep gray matter of patients with MS compared with age-matched healthy control subjects. We also investigated the relationship between the iron level in the deep gray matter and total lesion load as well as neuropsychologic tests in these patients.
Materials and Methods

Subjects
We recruited 17 patients (14 women and 3 men) with clinically definite relapsing-remitting MS from consecutive admissions to the MS clinical center in our hospital. The mean age was 44 years (range, 30 -57 years), and the mean duration of the disease at the time MR imaging was performed was 5.5 years (range, 1. 
MR Imaging and Image Processing
We performed MR imaging examinations on a clinical 3T Trio unit (Siemens, Malvern, Pa). We acquired the images using our standard protocol for MS study, which includes dual-echo fast spin-echo proton attenuation and T2-weighted imaging (TR/TE1/TE2, 5500/12/99 ms; matrix, 256 ϫ 256; pixel size, 0.86 ϫ 0.86 mm 2 ) as well as contrast-enhanced T1-weighted imaging (TR/TE, 660/14 ms). These routine sequences were acquired with 3-mm-thick contiguous axial sections for lesion identification. We acquired MFC images by performing a single-shot echo-planar imaging (EPI) asymmetric echo (ASE) sequence. A square field of view (FOV) of 256 ϫ 256 mm 2 with an acquisition matrix of 128 ϫ 128 mm 2 and a section thickness of 2 mm was used, which resulted in isotropic voxels. A total of 40 sections were obtained. The bandwidth was 1345 Hz/pixel with a TR of 2800 ms and TE of 59 ms. Images were acquired with refocusing pulse time shifts of t s ϭ 0, Ϫ4, Ϫ8, Ϫ12, and Ϫ16 ms, where the negative sign indicates a reduction of the interval between the initial 90°excitation pulse and 180°refocusing pulse from the usual spin-echo value of TE/2. For each set of imaging parameters, 20 images were acquired to increase the signal-to-noise ratio. The scanning time for MFC was 3 minutes and 35 seconds. The sections were oriented axially with a slight tilt to avoid the sinus cavity, a potential source of macroscopic MFI.
The MR images were transferred to a PC-based computer for postprocessing. We performed 3D motion correction using SPM software (Wellcome Department of Imaging Neuroscience, University College London, London, UK). The 20 repetitions were then averaged for each refocusing shift.
The MFC is formally defined by
where B(t) is the difference between the magnetic field experienced by a water molecule at time t and the uniform background field, ␥ is the proton gyromagnetic ratio, and the angle brackets indicate an averaging over all the water protons within a voxel. The MFC at t ϭ 0 is simply proportional to the variance for the MFIs. As t increases, the MFC typically decreases because water diffusion tends to reduce the correlation of a water molecule's local magnetic field at different times. MFC imaging requires asymmetric spin-echo images to be obtained for a fixed acquisition time (ie, TE) but with a range of asymmetry shifts for the 180°refocusing pulse. The MFC is then determined by fitting the signal intensity S to the formula
where TE is the echo time and t s is the refocusing pulse shift. Initial data indicate that the MFC in the brain correlates strongly with the concentration of iron. 22, 24 We generated the MFC maps from the images using in-house MATLAB scripts. Three regions of interest (ROIs) in the deep gray matter-the thalamus, putamen, and globus pallidus-and 3 ROIs in the white matter-the frontal white matter, and genu and splenium of the corpus callosum-were evaluated on MFC maps in all subjects.
To compute the T2 lesion load, we transferred the dual-echo fast spin-echo (proton attenuation and T2-weighted) image data to a SPARC workstation (Sun Microsystems, Mountain View, Calif). We performed segmentation of the T2 lesions using the 3D VIEWNIX software system with the concept of "fuzzy connectedness." 25, 26 The MS lesions, identified as 3D fuzzy objects, and the voxels belonging to the lesions were created as 3D volume images, which provided the total number and volume of the lesions. This method has been validated previously, and the reproducibility was shown to be Ͼ99% for T2 lesion segmentation.
Statistical Analysis
We used SAS version 9.0 (SAS Institute, Cary, NC) software for all statistical computations. We used least squares (LS) regression to compare the patients and control subjects with respect to the mean MFC generated from both sides of the deep gray matter and white matter regions while adjusting for age and sex. A separate regression analysis was conducted for each brain region. In each case, the mean value of MFC, averaged over the left and right sides of the given brain region, constituted the dependent variable. The regression model included sex and group (MS group versus control group) as a classification factor and age of the subjects at the time of image acquisition as a numeric covariate. The error variance was allowed to be different for patients and controls to account for the likely association between the mean and variance of MFC in the progression across the groups. We characterized the association of MFC in each brain region with the number and volume of lesions using Pearson correlation coefficients and assessed for statistical significance with LS regression. The regression analysis followed the outline described above, except that only the patients contributed data to the analysis. The assessment of lesion load (either lesion count or volume, in separate analyses) was added to the model as a numeric factor. We used type 3 P values to assess the significance of differences between patients and controls and the association between MFC and lesion count, adjusting for age and sex. Results were declared statistically significant at the 2-sided 5% comparison-wise significance level.
Results
The mean and SD of the MFC values of the deep gray matter (globus pallidus, putamen, and thalamus) and white matter regions (frontal white matter and splenium and genu of the corpus callosum) in the patients and controls are listed in the Table. There were significantly higher MFC values in the patients than in the controls in all 3 deep gray matter regions, indicating abnormal accumulation of iron in these regions. Across the deep gray matter regions in both control and patient groups, the MFC value is highest in the globus pallidus and lowest in the thalamus. Compared with the healthy control subjects, the patients had an average increase of 24% in the globus pallidus, 39.5% in the putamen, and 30.6% in the thalamus. The white matter regions generally had lower values of MFC compared with the MFC in the deep gray matter regions. We found increased MFC in some, but not all, lesions. Figure  1 shows representative images from a patient and a control subject that demonstrate an increased area of MFC in the deep gray matter region on scaled MFC color maps, which is not obvious on conventional T2-weighted images. However, there was no statistical difference of MFC in any of the white matter regions between the patients and the control subjects (P Ͼ .3). We also evaluated the relationship between the patients' individual mean MFC in each of the deep gray matter regions and lesion load, which included the total number and volume of lesions. The correlation coefficients associated with significant findings from the regression analysis of the relationship between MFC and the total number of lesions in the patients were found in the thalamus (r ϭ 0.61, P ϭ .01) and globus pallidus (r ϭ 0.52, P ϭ .02). Figure 2 shows a graph that suggests a positive correlation between the mean MFC in the thalamus and number of lesions: the higher the number of lesions in the distal white matter regions, the greater the accumulation of iron in the deep gray matter. However, the correlation between MFC in the deep gray matter and volume of lesions was not significant. There was no obvious relationship that could be established between MFC and the white matter regions with lesion load.
Compared with the healthy controls, the patients performed significantly worse on the SDMT neuropsychologic tests (P ϭ .01). With respect to MFC, on the basis of the Spearman correlation coefficient, we found a moderate but significant correlation between the MFC value in the thalamus and the CVLT test (r ϭ Ϫ0.42, P ϭ .04) and the RCFT test (r ϭ Ϫ0.50, P ϭ .03). The MFC value in the putamen correlated with the DSB test (r ϭ 0.45, P ϭ .03). We performed both the Pearson and Spearman correlation coefficients to assess the relationship between MFC in each brain region and duration of disease. No statistically significant correlation was found, except a trend between MFC in the globus pallidus and duration of disease on the Spearman analysis (r ϭ 0.42, P ϭ .09).
Discussion
MFC methodology has been recently described and validated by Jensen et al. 22 MFC imaging requires ASE images to be obtained for a fixed acquisition time but with a range of shifts for the 180°refocusing pulse. It is developed based on a direct relationship to the MFIs generated by spatial variations in magnetic susceptibility. Information about these types of microscopic magnetic tissue structures is therefore encoded in the MR signal intensity to generate MFC map. The MFIs from, for example, iron rich cells in the basal ganglia are generally microscopic MFIs with length scales usually less than 100 m. Compared with the conventional measure of transverse relaxation rates, R2 and R2*, 27, 28 MFC is a more specific metric of microscopic MFIs. In particular, both R2 and R2* depend strongly on molecular dipole-dipole interactions, which have no effect on the MFC. The MFC can also be affected by macroscopic field gradients, but this is likely to give a small contribution except in brain regions near large veins or air/tissue interfaces. 24 Of further note is that over the full range of brain iron concentrations, the dynamic range of R2 is limited from approximately 13 to 24 seconds Ϫ1 whereas MFC ranges from approximately 100 to 1000 seconds Ϫ2 . This suggests that factors other than iron have a larger influence on the measurement of R2 than on the MFC. Because the MFC has a more direct relationship to MFIs than do the conventional quantities of R2 and R2*, it allows for a clearer physical interpretation. The previously shown high correlation 24 between the MFC values and nonheme iron indicates that MFC imaging may be a better quantitative method for measuring the iron concentration of brain tissue than other conventional techniques.
Deposition of iron has been observed previously on con- * Least squares regression was used to compare patients and controls with respect to the mean MFC generated from both sides of the deep gray matter and white matter regions while P values were adjusted for age and sex.
ventional MR images in MS. Drayer et al, 16 in 1987, observed hypointensity on conventional MR imaging in the deep gray matter regions in MS, in which the decreased signal intensities were presumed to be from iron content. However, their findings were contradictory to those by Grimaud et al, 29 who reported that only a mild degree of low signal intensity in the thalamus and low signal intensity in the basal ganglia are rarely seen. More recently, Bakshi et al, 15 in 2001, have confirmed abnormal hypointensity on T2-weighted imaging not only in the deep gray matter but also in the cortical regions. These inconsistent findings are all from qualitative evaluation by subjective visual impression or rating and highlight the need for a more objective quantitative method for iron measurement. Although T2 signal intensities were measured in the deep gray matter in several studies, 19, 30 T2 intensity is not specific, and T2-weighted sequences (eg, fast spin-echo imaging) are not sensitive to iron components. However, an excellent correlation (r ϭ 0.975) between in vivo MFC measurements and brain iron concentration estimates derived from postmortem studies was found in our previous study. 24 Our data also showed that the increased iron deposition could be clearly demonstrated on the quantitative MFC maps but not on conventional T2-weighted imaging (Fig 1) . In this quantitative study, we found the MFC, a more specific measure of iron, increased approximately 24% to 39.5% in the deep gray matter in the patients than in the control subjects and was more prominent in the putamen and thalamus than in the globus pallidus. To an extent, the increased MFC was similar to the neuronal loss (approximately 30% to 35% reduction) in the thalamic gray matter from a postmortem study. 3 The quantitative ability of MFC not only provides accurate information of the level of iron accumulation but also offers a tool for the evaluation of a neurodegenerative pathologic process.
In the normal brain, higher levels of iron are found in both oligodendrocytes and the deep gray matter nuclei, which are thought to be responsible for myelinogenesis 31 and excessive uptake and storage of iron, 32 respectively. It is also known that the disruption of the normal iron homeostatic status leads to iron-catalyzed free radicals that result in oxidative damage in these regions. 9 T2 shortening in the deep and cortical gray matter was found to be related to brain atrophy, 7,15 which indicated destructive effects by abnormal deposition of iron in MS. The precise mechanism of the excessive accumulation of iron in the deep gray matter in MS remains unclear. However, one possible mechanism is related to the disruption of normal iron transport in the neurons of the deep gray matter that have high uptake of iron. 33 Neurons, especially ferruginated neurons such as in the globus pallidus, not only have extensive expression of the transferrin receptor but also express the ferrous iron transporter, which allows for the detachment of iron within recycling endosomes and the transport of iron to the A B D C   Fig 1. T2-weighted images (left) and MFC color maps (right) in a 29-year-old patient with MS (top row) and a 32-year-old control subject (bottom row). Note the clearly increased MFC in the deep gray matter regions on MFC maps (arrows) in the patient (B) relative to the control subject (D), though such a difference is not remarkable on conventional T2-weighted images (A, C).
distal cytosol via the axons. 32 In a histopathologic study, 34 myelinated white matter and axons near the MS lesions contained numerous iron-laden ovoid bodies that stained positively for iron, which indicated that the possible iron source was the interruption of iron transport and axonal transection by the lesions. Our finding of a positive correlation between MFC and the number of lesions further supports this theory and indicates that lesions in the white matter can disrupt the axonal outflow of iron, which leads to accumulation of iron in the deep gray matter. We can interpret the positive correlation of MFC with the number of lesions, rather than the lesion volume, indicating that the number of multifocal MS lesions may be more representative of the extent or span of the disease than volume in these patients, though this also could be the result of the limited number of patients in our study. Our results that iron accumulates in the deep gray matter are supported by previous studies that were based on the analysis of T2 hypointensity in MS. 15, 35 The positive correlation between the total number of lesions and MFC in the thalamus (Fig 2) suggests a connecting relationship between the lesions in the distal white matter and iron deposition in the thalamus. The thalamus is a large, central relay station for processing information throughout the brain, with clusters of discrete nuclei and multiple functional pathways connecting associative brain regions. Therefore, the level of iron can be significantly increased (30.6%) in the thalamus because of the disruption of iron outflow by the lesions on the pathways, despite the normal level of iron in the thalamus being lower compared with other deep gray matter nuclei. Our findings, which included only a trend correlation between duration of disease and MFC in the regions of the deep gray matter, suggested that accumulation of iron can occur at an early stage of MS when enough lesions are present. The lesions then block the output connection of iron from the deep gray matter regions.
However, we have not found significantly increased MFC in normal-appearing white matter regions, including the frontal white matter and corpus callosum, in patients. This observation suggests that the mechanisms of white matter and deep gray matter injury in MS may be different. In an earlier histopathologic study of MS, Craelius et al 34 demonstrated that nonheme iron was present as hemosiderin surrounding demyelinated plaques on Perls acid ferrocyanide stain. The role of iron in the pathogenesis of MS has also been implicated in EAE animal model studies, in which there was increased histochemical staining of iron within macrophages and also granular staining in extracellular sites in the active and recovery stages. 11, 14 Excess concentration of iron may also contribute to CD4ϩ T-cell development in animal studies of EAE 36 that is involved in the autoimmune attack of myelin in MS. We did observe increased MFC in some, but not all, lesions on MFC maps, which probably reflects that the degree of disruption of iron transportation is varied and more noticeable in lesions with severe axonal transection.
In the deep gray matter, decreased NAA, 5 decreased volume, 6 and decreased attenuation of neuronal cells 3 have been reported in previous studies of MS, though there were fewer lesions present in these regions. The underlying pathophysiologic process of this rather typical neurodegeneration is still not well known. However, evidence suggests that the increased accumulation of iron and oxidative stress in the deep gray matter may be responsible for these neurodegenerative changes in many disease states. 37 Our findings of moderate correlations between iron levels measured with MFC and neuropsychologic data indicate that the excess iron-induced neuronal cell injury is, at least, one of the most important factors for the pathophysiologic process of neuropsychologic deficits. Recently, particular attention has been given to the therapeutic strategy of pharmacologic intervention that targets iron and iron management for the treatment of EAE and MS. Knowing each step of the neurotoxic cascade of secondary tissue injury to iron overload, which generates free radicals and lipid peroxidation, can create a potential target of therapeutic intervention. For example, Desferal, an iron chelator administered in an animal EAE study, showed beneficial results by reducing both the duration and severity of disease.
38,39
Conclusion
Our study demonstrated that the severity of iron deposition in the deep gray matter can be measured in MS with the use of quantitative MFC imaging. MFC is a more specific measure of the disruption of normal brain iron homeostasis and of follow-up studies. Investigation of such excessive accumulation of iron in the deep gray matter, with its toxic effects of oxidative stress injury, may help us better understand the neurodegenerative pathologic process and neuropsychologic dysfunction of the disease.
